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Neutrophils are innate immune cells that counter
pathogens by many mechanisms, including release
of antimicrobial proteins such as calprotectin to
inhibit bacterial growth. Calprotectin sequesters
essential micronutrient metals such as zinc, thereby
limiting their availability to microbes, a process
termed nutritional immunity. We find that while cal-
protectin is induced by neutrophils during infection
with the gut pathogen Salmonella Typhimurium,
calprotectin-mediated metal sequestration does
not inhibit S. Typhimurium proliferation. Remarkably,
S. Typhimurium overcomes calprotectin-mediated
zinc chelation by expressing a high affinity zinc trans-
porter (ZnuABC). A S. Typhimurium znuA mutant
impaired for growth in the inflamed gut was rescued
in the absence of calprotectin. ZnuABC was also
required to promote the growth of S. Typhimurium
over that of competing commensal bacteria. Thus,
our findings indicate that Salmonella thrives in the in-
flamed gut by overcoming the zinc sequestration of
calprotectin and highlight the importance of zinc
acquisition in bacterial intestinal colonization.
INTRODUCTION
Salmonella enterica serovar Typhimurium (S. Typhimurium) is
a gut pathogen that causes an acute gastroenteritis character-
ized by inflammatory diarrhea. S. Typhimurium encodes
two type III secretion systems (T3SS-1 and T3SS-2) that are
important for eliciting intestinal inflammation (Hapfelmeier andCell HoHardt, 2005; Tsolis et al., 1999). Initiation of the inflammatory
response in the gut requires interaction with host cells,
including epithelial cells and antigen-presenting cells (APCs),
like macrophages and dendritic cells. APCs infected with
S. Typhimurium secrete several cytokines, including interleukin
(IL)-23 and IL-18, which stimulate T cells in the intestinal
mucosa to produce IL-17 and IL-22 (Godinez et al., 2008,
2009; Raffatellu et al., 2008; Srinivasan et al., 2007). These
cytokines subsequently induce responses in the tissue that
results in the influx of neutrophils to the gut mucosa, a hallmark
of inflammatory diarrhea.
Neutrophils control S. Typhimurium dissemination, as inferred
from clinical observations in patients with defects in neutrophil-
killingmechanisms (for instance, chronic granulomatous disease
patients) or neutropenia (Winkelstein et al., 2000). In these
groups of patients, S. Typhimurium infection often disseminates
from the gut, resulting in bacteremia and high mortality (Noriega
et al., 1994). In response to S. Typhimurium infection, both
neutrophils and epithelial cells secrete antimicrobial proteins
into the intestinal lumen that may be responsible for the dramatic
changes in the composition of the microbiota observed during
S. Typhimurium infection (Barman et al., 2008; Lupp et al.,
2007; Stecher et al., 2007). Furthermore, several recent studies
have demonstrated that the host inflammatory response favors
S. Typhimurium growth in the gut and its transmission to a naive
host (Barman et al., 2008; Lawley et al., 2008; Lupp et al., 2007;
Raffatellu et al., 2009; Stecher et al., 2007). Within this inflamma-
tory environment, S. Typhimurium must acquire essential nutri-
ents and anaerobically respire tetrathionate to successfully
outgrow the resident microbiota (Raffatellu et al., 2009; Winter
et al., 2010). S. Typhimurium must also be resistant to the inhib-
itory and lethal activities of antimicrobial proteins released into
the lumen in response to infection, some of which may actually
promote the growth of this pathogen over competing microbes
that are susceptible to their activity.st & Microbe 11, 227–239, March 15, 2012 ª2012 Elsevier Inc. 227
Cell Host & Microbe
Zinc and Salmonella Growth in the Inflamed GutThe identity of many antimicrobial proteins secreted during
S. Typhimurium infection, and whether these peptides are
protective or promote pathogen growth, is largely unknown.
Because the influx of neutrophils is a hallmark of S. Typhimurium
diarrhea, antimicrobial proteins released by neutrophils are likely
major players in the host response to S. Typhimurium. Calpro-
tectin, a heterodimer of the two EF-hand calcium-binding
proteins S100A8 and S100A9, is one of the most abundant anti-
microbial proteins in neutrophils, constituting approximately
40% of cytoplasmic neutrophil content (Teigelkamp et al.,
1991). This protein complex is secreted to high levels during
inflammation (Steinbakk et al., 1990), and is associated with
extracellular traps released by apoptotic neutrophils to kill
microbes (Urban et al., 2009). Mucosal and skin epithelial cells
stimulated with the cytokine IL-22 also express S100a8 and
S100a9, indicating that epithelial cells may also be a source of
this antimicrobial protein (Liang et al., 2006; Zheng et al.,
2008). Calprotectin has antimicrobial activity against many
microorganisms, including Escherichia coli, Borrelia burgdorferi,
Staphylococcus aureus, Listeria monocytogenes, and Candida
albicans (Corbin et al., 2008; Loomans et al., 1998; Lusitani
et al., 2003; Sohnle et al., 2000; Steinbakk et al., 1990; Urban
et al., 2009; Zaia et al., 2009). This activity is dependent on the
ability of calprotectin to bind nutrient metals such as zinc and
manganese, thereby starving microbes of these essential metal
ions (Corbin et al., 2008; Kehl-Fie et al., 2011; Urban et al.,
2009). With regard to the intestine, fecal calprotectin levels are
used clinically to monitor the severity of intestinal inflammation
in patients with inflammatory bowel diseases (Konikoff and Den-
son, 2006). Despite these observations, the role of calprotectin in
the intestinal inflammatory response during infection with gut
pathogens is largely unknown. In this study, we set out to deter-
mine the role of the antimicrobial protein calprotectin during
infection with S. Typhimurium as a model for inflammatory
diarrhea.
RESULTS
Calprotectin Expression in the Cecum during Infection
with S. Typhimurium
Our previous studies indicated that the two subunits of calpro-
tectin, S100a8 and S100a9, are among the highest upregulated
genes during infection with S. Typhimurium in the ileum of
rhesus macaques and in the cecum of mice (Godinez et al.,
2008; Raffatellu et al., 2008). To further confirm these observa-
tions, we employed the streptomycin-pretreated mouse colitis
model of S. Typhimurium infection, which results in acute
inflammation of the cecal mucosa characterized by an influx
of neutrophils (Barthel et al., 2003; Raffatellu et al., 2009). Using
this model, we found that calprotectin was highly induced in the
cecum and fecal samples of mice infected with S. Typhimurium
compared to mock-infected mice (Figure 1). The mRNA for the
two subunits of calprotectin, S100a8 and S100a9, was signifi-
cantly upregulated at both day 3 (Figure 1A) and day 4 post
infection (Figure 1B). We next extracted total protein from fecal
samples (Figure 1C) and the large intestine (Figure 1D) of
mock- or S. Typhimurium-infected mice and then determined
calprotectin concentration by ELISA. We detected a significant
increase in the expression of calprotectin in both the fecal228 Cell Host & Microbe 11, 227–239, March 15, 2012 ª2012 Elseviesamples and in the tissue of the large intestine after
S. Typhimurium infection, with average concentrations being
130 mg/ml and 793 mg/ml respectively. Because intestinal
epithelial cells may express antimicrobial peptides, we next
determined whether crypt colonocytes could be a source of
calprotectin.
Micewere infectedwith eitherS. Typhimurium ormock andwe
isolated crypt cells from the large intestine (Figure S1). As a posi-
tive control, we confirmed that crypt colonocytes isolated from
mice infected with S. Typhimurium exhibited an increase in the
expression of the antimicrobial peptide lipocalin-2, which is
induced in epithelial cells during infection (Raffatellu et al.,
2009). In addition, we detected increased expression of the
S100a8 and S100a9 subunits, indicating that these cells may
also be a source of calprotectin (Figure 1E). As the increase in
calprotectin correlated with the increased inflammatory
response and the influx of neutrophils in these mice, we ques-
tioned to what extent neutrophils and epithelial cells contribute
to the increase of calprotectin expression observed during
S. Typhimurium infection.
To test this, we infected mice treated with an antibody against
the neutrophil receptor Cxcr2 (Figure 2). The Cxcr2 receptor
binds to the chemokine Cxcl-1 expressed in the inflamed gut,
thereby promoting the transmigration of neutrophils to the site
of infection. Blocking the Cxcr2 receptor reduces neutrophil
transmigration to the infected tissue and depletes neutrophils
from the blood, as previously described by Hosking et al.
(2009). As a control, mice were injected with normal rabbit serum
(NRS). To test the effectiveness of our neutrophil depletion, we
detected the CD11b+ Ly6ghigh cells (neutrophils) in the blood
collected from the NRS-treated and the anti-Cxcr2-treated
mice by flow cytometry. As expected, treatment with the
anti-Cxcr2 antibody reduced the amount of neutrophils in the
blood (Figure 2B). To determine the contribution of neutrophils
and colonocytes to the expression of calprotectin during
infection, we extracted both RNA and protein from the cecum
(Figures 2C and 2D) and the crypt colonocytes (Figures 2E and
2F) of the NRS-treated and the anti-Cxcr2-treated mice. Our
results indicate that in mice treated with the anti-Cxcr2 antibody,
therewas only aminor reduction in the expression ofS100a8 and
S100a9 mRNA in comparison to the NRS-treated mice in the
cecum (Figure 2C) and no reduction in the crypt colonocytes
(Figure 2E). Thus, neutrophils appear to be dispensable for the
induction of S100a8 and S100a9 transcription in crypt colono-
cytes. In contrast, mice treated with the anti-Cxcr2 antibody
exhibited a marked reduction in the expression of calprotectin
at the protein level, which correlated with the reduction of the
neutrophil marker myeloperoxydase (MPO) in these mice
(Figure 2D). Moreover, we did not detect high levels of calprotec-
tin expression at the protein level in crypt colonocytes—the
low level of expression was likely due to contamination
with neutrophils, as indicated by the detection of MPO (Fig-
ure 2F). Therefore, although transcription of S100a8 and
S100a9 is highly induced in colonocytes, neutrophils appear to
be the major source of calprotectin protein. Taken together,
our results indicate that calprotectin is expressed at high levels
in the large intestine during S. Typhimurium infection, suggesting
that it may play an important role in the host response to this
infection.r Inc.
110
100
1000
10000
S100a9S100a8
m
R
N
A
(f
o
ld
 c
h
a
n
g
e
)
S100a9S100a8
1
10
100
1000
10000
m
R
N
A
(f
o
ld
 c
h
a
n
g
e
)
A B
3 days p.i.
4 days p.i.
C
F
e
c
a
l 
C
a
lp
ro
te
c
ti
n
(µ
g
/m
l)
0
50
100
150
200
250
300
-S100A8
-S100A9
mockS.Typhimurium
**
-S100A8
-S100A9
mockS.Typhimurium
D
**
0
500
1000
1500
2000
In
te
s
ti
n
a
l 
C
a
lp
ro
te
c
ti
n
(
g
/m
l)
E
1
10
100
1000
S100a9S100a8 Lcn2 Il-17a
m
R
N
A
(f
o
ld
 c
h
a
n
g
e
)
Ly6g
N.D.
**
**
**
Figure 1. Expression of Calprotectin in
the Cecum of Mice Infected with
S. Typhimurium
(A and B) S100a8 and S100a9 were detected by
RT-PCR at 72 hr (A) and 96 hr (B) after infection
with wild-type S. Typhimurium. Data are ex-
pressed as fold increase over mock-infected wild-
type mice. Bars represent the geometric means ±
standard error.
(C and D) The concentration of calprotectin de-
tected by ELISA (top panel) and western blot
(bottom panel) in the fecal samples (C) and the
large intestine with content (D) of mice 96 hr post
infection with S. Typhimurium (n = 4) or mock
control (n = 4) is shown. Bars represent the
geometric mean ± standard deviation. ** p value%
0.01.
(E) Expression of the S100a8 and S100a9 mRNAs
was detected in crypt colonocytes isolated from
the colon of mice infected with S. Typhimurium
(n = 3) and expressed as fold increase over mock-
infected mice (n = 3). Expression of Lcn2 was
detected as a positive control and of the T cell
cytokine Il-17a and the neutrophil marker Ly6g as
a negative control. ND = not detected. Data
represent the geometric mean ± standard error. A
significant increase over mock control is indicated
by * (p value% 0.05) and ** (p value% 0.01). (See
also Figure S1 and Table S1).
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with Calprotectin
To investigate the role of calprotectin during S. Typhimurium
infection, we next determined whether calprotectin was able to
reduce the growth of S. Typhimurium. We performed a growth
assay of S. Typhimurium in rich media supplemented with puri-
fied calprotectin (Figure 3). When calprotectin was added at
a concentration typical of a tissue abscess (500 mg/ml) (Johne
et al., 1997), S. Typhimurium growth was inhibited. In contrast,
lower concentrations of calprotectin, comparable to that
measured in the fecal samples of infected animals (Figure 1C),
only minimally reduced S. Typhimurium growth (Figure 3A), indi-
cating that Salmonella could potentially defend against this insult
in the intestinal lumen. We then looked to determine the mecha-
nism by which S. Typhimurium grew in the media supplemented
with calprotectin.
Because calprotectin is known to chelate zinc ions, we
hypothesized that S. Typhimurium growth was dependent on
the high affinity zinc transporter encoded by the znuABC operon,
which is induced in zinc-limiting conditions (Ammendola et al.,
2007; Campoy et al., 2002). We subsequently deleted the gene
encoding the periplasmic zinc-binding component, znuA, andCell Host & Microbe 11, 227–23confirmed that our znuA mutant had a
growth defect inminimal media that could
be rescued by supplementation with zinc
sulfate, as previously shown (Ammendola
et al., 2007) (Figure S2). When we grew
the znuA mutant in rich media supple-
mented with calprotectin, we found that
its growthwas impaired at concentrations
of calprotectin where wild-type is onlyminimally inhibited (approximately 125 mg/ml) (Figure 3B).
Thus, the ability to acquire zinc through the ZnuABC transporter
renders S. Typhimurium more resistant to the antimicrobial
activity of calprotectin in vitro. Our results thus far suggested
that the calprotectin level encountered by S. Typhimurium in
the intestinal lumen has only minimal activity against the
organism and that zinc acquisition through ZnuABC may render
this pathogen resistant to this protein in vivo.
The ZnuABC Zinc Transporter Promotes
S. Typhimurium Colonization of the Inflamed Cecum
To assess whether high affinity zinc transporters may provide an
advantage in the gut environment, we first determined the
concentration of zinc in the feces of mice infected with
S. Typhimurium or mock by inductively coupled plasma mass
spectrometry (ICP-MS) (Figure 4). We found that the con-
centration of fecal zinc in the absence of infection was about
220 mg/kg, while it was reduced to 56 mg/kg in infected mice
(Figure 4A). Therefore, the lower levels of zinc in the inflamed
gut suggested that the expression of a high affinity zinc trans-
porter may provide a growth advantage for colonization. To
test this, we next investigated whether inactivation of the znuA9, March 15, 2012 ª2012 Elsevier Inc. 229
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Figure 2. Expression of Calprotectin in Mice following Neutrophil Depletion
Mice were injected intraperitoneally with either normal rabbit serum (NRS) or a rabbit polyclonal antibody blocking the Cxcr2 receptor (a-Cxcr2) 24 hr prior to
infection with S. Typhimurium and sacrificed at 72 hr post infection. (A) shows a representative dot plot (FSC = forward scatter; SSC = side scatter) of blood cells
gated on leucocytes from mice treated with NRS (top) and a-Cxcr2 (bottom). (B) shows a representative dot plot of blood leucocytes gated on neutrophils
expressing Ly6g and CD11b from mice treated with NRS (top) and a-Cxcr2 (bottom). In (C and D), cecal expression of the S100a8 and the S100a9 subunits of
calprotectin was detected by real-time RT-PCR (C) and western blot (D). In (E and F), crypt expression of the S100a8 and the S100a9 subunits of calprotectin was
detected by real-time RT-PCR (E) and western blot (F); MPO = myeloperoxidase; PC = positive control. Data represent the geometric mean ± standard error.
A significant difference in expression between NRS-treated and a-Cxcr2-treated mice is indicated by ** (p value% 0.01).
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Zinc and Salmonella Growth in the Inflamed Gutgene would impair the ability of S. Typhimurium to colonize the
intestine. S. Typhimurium infection results in intestinal inflamma-
tion, which is facilitated by the actions of two type III secretion
systems encoded by Salmonella pathogenicity islands (SPI)-1
and SPI-2 (Santos et al., 2009). Inactivation of both secretion
systems through deletion of the invA and spiB genes, respec-230 Cell Host & Microbe 11, 227–239, March 15, 2012 ª2012 Elsevietively, renders S. Typhimurium unable to elicit colitis in mice
(Raffatellu et al., 2009; Stecher et al., 2007). We thus compared
groups of mice infected with S. Typhimurium wild-type, the
znuA mutant, or a mutant lacking both the invA and spiB genes.
The znuA mutant triggered similar levels of inflammation and
expression of calprotectin and cytokines in the cecum asr Inc.
0.001
0.01
0.1
1
0 4 8 12 16 20 24
Time (h)
O
D
6
0
0
500 µg/ml
250 µg/ml
125 µg/ml
62.5 µg/ml
31.25 µg/ml
15.6 µg/ml
No calprotectin
500 µg/ml
250 µg/ml
125 µg/ml
62.5 µg/ml
31.25 µg/ml
15.6 µg/ml
No calprotectin
0.001
0.01
0.1
1
0 4 8 12 16 20 24
Time (h)
O
D
6
0
0
A
B
wild-type
znuA mutant
**
**
**
Figure 3. Growth of S. Typhimurium in Rich Media
Supplemented with Calprotectin
(A and B) S. Typhimurium wild-type (A) or the znuAmutant
(B) were grown in LB media supplemented with calpro-
tectin at the indicated concentrations. Growth was deter-
mined by reading the OD600 in a microplate reader at the
indicated times. Data represent the geometric mean of
four biological replicates ± standard error. A significant
difference in growth between wild-type and the znuA
mutant is indicated by ** (p value % 0.01). (See also Fig-
ure S2 and Table S2).
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Zinc and Salmonella Growth in the Inflamed Gutobserved with the wild-type strain, indicating that this mutant
retained virulence (Figures 4B–4D and S3). However, coloniza-
tion of the znuA mutant was reduced approximately 200 fold
at 96 hr post infection to levels similar to an avirulent
S. Typhimurium strain lacking invA and spiB (Figure 4E).
In recent years, several studies have demonstrated that
S. Typhimurium and other gut pathogens benefit from inflamma-
tion because they have to compete with the resident microbiota
to colonize the inflamed gut (Barman et al., 2008; Lawley et al.,
2008; Lupp et al., 2007; Stecher et al., 2007; Winter et al.,
2010). It is known that the invA spiB mutant does not colonize
as well as wild-type because it does not trigger an inflammatory
response and it is therefore outcompeted by the microbiota
(Lawley et al., 2008; Raffatellu et al., 2009; Stecher et al., 2007;
Winter et al., 2010). Because the znuAmutant showed a striking
colonization defect despite eliciting inflammation, we hypothe-
sized that this strain is less fit than wild-type to sustain competi-
tion with the microbiota.
Analysis of the microbiota in stool samples of mice infected
with the znuAmutant confirmed this prediction (Figure 4F). Infec-
tion with S. Typhimuriumwild-type, but not the invA spiBmutant,
induced a loss of Bacteroidetes and Clostridiales, as previously
described (Barman et al., 2008; Lawley et al., 2008; Lupp et al.,
2007; Stecher et al., 2007; Winter et al., 2010). Therefore,
S. Typhimurium wild-type but not the invA spiB mutant, was
able to outcompete the microbiota (Figures 4E and 4F). Remark-
ably, the znuA mutant induced a loss of Bacteroidetes andCell Host & Microbe 11, 2Clostridiales similar to wild-type. However, the
znuA mutant exhibited a markedly reduced
ability to take advantage of the decrease in
competing microbes, and it colonized to similar
levels as the invA spiB mutant (Figures 4E and
4F). Intriguingly, while administration of zinc to
mice in the form of zinc sulfate enhanced the
growth of S. Typhimurium wild-type, it did not
rescue the znuA mutant (Figures 4E and 4F).
One plausible explanation is that administration
of zinc sulfate may promote the growth of other
bacterial species that are more fit than the znuA
mutant to colonize this environment. To test this
possibility, we analyzed the microbiota in stool
samples of mice supplemented with zinc sulfate
infected with the znuA mutant. While we ob-
served low levels of Bacteroidetes and Clostri-
diales, we also detected a significant increase
in Enterobacteriaceae other than Salmonellaspecies, which may account at least partly for the reduced ability
of the znuA mutant to proliferate in this environment. Moreover,
we did not detect an increase in other Enterobacteriaceae in
mock-infected or wild-type-infected mice supplemented with
zinc sulfate (data not shown). These results indicate that the
ZnuABC transporter aids in competing with the microbiota and
promotes S. Typhimurium colonization of the cecum.
Resistance to Calprotectin-Mediated Zinc
Sequestration Provides a Growth Advantage to
S. Typhimurium
To test if zinc acquisition and resistance to calprotectin would
increase S. Typhimurium fitness in vivo, we infected mice with
an equal mixture of S. Typhimurium wild-type and the znuA
mutant (Figures 5–7, S4, and S5). In this experimental setting,
the ability of the znuA mutant and of wild-type to colonize the
intestine is compared in each individual animal (i.e., in the
same gut environment), thereby reducing the effect of animal-
to-animal variation observed in single infections. S. Typhimurium
infection resulted in increased cecal inflammation and an influx
of neutrophils (Figures 5 and S4), which correlated with
increased transcript levels of the neutrophil chemoattractant
Cxcl-1 (Figure 5B) and the neutrophil marker Ly6g (Figure 5C).
Moreover, the transcript levels of the proinflammatory cytokines
Il-17a and Il-22 were also increased (Figure S4). These data
confirmed that S. Typhimurium infection was associated with
acute cecal inflammation and neutrophil influx. The transcript27–239, March 15, 2012 ª2012 Elsevier Inc. 231
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Figure 4. The ZnuABC Zinc Transporter Promotes S. Typhimurium Colonization of the Inflamed Cecum
(A) The concentration of zinc wasmeasured by ICP-MS in fecal samples collected frommock-infected (n = 4) or S. Typhimurium-infected (n = 4) mice 4 days post
infection. Bars represent geometric means ± standard deviation. A significant difference is indicated by ** (p value% 0.01).
(B and C) Histopathology of cecal samples collected frommice 4 days after infection with S. Typhimuriumwild-type, the znuAmutant, or the invA spiBmutant. (B)
H&E-stained cecal sections from representative animals in each group. An image at lower magnification (103) and one at higher magnification (403) from the
same section are shown. L = lumen; M = mucosa; SM = submucosa. Note marked edema in the submucosa and inflammation in mice infected with both
S. Typhimurium wild-type and the znuAmutant. (C) Blinded histopathology score indicating the score of individual mice (circles), and the average score for each
group (bars). The gray quadrant includes scores indicative of moderate to severe inflammation.
(D) S100a8, S100a9, myeloperoxidase (MPO), and tubulin were detected by immunoblot in the cecum of mice infected with S. Typhimuriumwild-type or the znuA
mutant.
(E and F) (E) shows enumeration of S. Typhimurium in the colon content (wild-type n = 11, znuAmutant n = 11, invA spiBmutant n = 6; znuA+ZnSO4 n = 9; wild-
type+ZnSO4 n = 6). (F) Analysis of the cecal microbiota using 16S rRNA gene qRT-PCR (wild-type n = 10, znuAmutant n = 9, invA spiBmutant n = 6; znuA+ZnSO4
n = 9). For (E and F), bars represent geometric means ± standard error. In (A and E), a significant difference in comparison towild-type infectedmice is indicated by
** (p value% 0.01). (F) Significant differences between groups are indicated by * (p value% 0.05) and ** (p value% 0.01). (See also Figure S3 and Table S3).
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Figure 5. Analysis of the Host Response in Mice Infected with S. Typhimurium, Wild-Type + znuA Mutant, or Mock
(A) Histopathology of the cecum. Upper panels: H&E-stained cecal sections from representative animals in each group. An image at lower magnification (103)
and one at higher magnification (403) from the same section are shown. L = lumen; M = mucosa; SM = submucosa. Note marked edema in the submucosa and
inflammation in infected mice. Lower panel: blinded histopathology scores, indicating the score of individual mice (circles), and the average score for each group
(bars). The gray quadrant includes scores indicative of moderate to severe inflammation.
(B and C) Transcript levels of Cxcl-1 (B) and Ly6g (C), were determined in wild-type mice (white bars), S100a9/ mice (dark gray bars), and wild-type mice
supplemented with zinc sulfate (light gray bars). Mice were either mock-infected or infected with S. Typhimurium as indicated. Data are expressed as fold
increase over mock-infected wild-type mice. Bars represent the geometric mean of at least 4 replicates ± standard error. Significant differences in gene
expression in comparison to wild-type infected C57BL/6 mice (first group) are indicated by ** (p value% 0.01). (See also Figure S4).
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Zinc and Salmonella Growth in the Inflamed Gutlevels of the two subunits of calprotectin S100a8 and S100a9
were also determined to be highly induced (Figures 6A and
6B). While no calprotectin was detected in the cecal mucosa of
mock-infected mice, the protein complex was highly abundant
afterS. Typhimurium infection, and it correlatedwith the increase
inMPO levels (Figure 6C). In this gut environment with high levelsCell Hoof inflammation and calprotectin, we observed a marked
increase in S. Typhimurium wild-type over the znuA mutant at
days 3 and 4 post infection (average of 87-fold and 690-fold,
respectively), suggesting that zinc acquisition through the
ZnuABC transporter enhances S. Typhimurium growth in the in-
flamed gut (Figures 7A and 7B).st & Microbe 11, 227–239, March 15, 2012 ª2012 Elsevier Inc. 233
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(A and B) Transcript levels of S100a8 (A) and S100a9 (B) were determined in wild-type mice (white bars), S100a9/ mice (dark gray bars), and wild-type mice
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by * (p value% 0.05) and ** (p value% 0.01).
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genotypes are indicated. PC = positive control.
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Zinc and Salmonella Growth in the Inflamed GutWe next sought to determine whether zinc acquisition through
the ZnuABC transporter was significant in the absence of gut
inflammation. To determine if the ZnuABC transporter provides
a growth advantage in the absence of inflammation, we infected
mice with an equal mixture of an invA spiB mutant and an invA
spiB znuAmutant (Figures 5–7, S4, and S5). As expected, these234 Cell Host & Microbe 11, 227–239, March 15, 2012 ª2012 Elseviemice exhibited minimal or no intestinal inflammation (Figures 5A
and S4), and the transcript levels for the neutrophil chemoattrac-
tant Cxcl-1, the neutrophil marker Ly6g and the proinflammatory
cytokines Il-17 and Il-22 were increased only minimally when
compared to mock-infected animals (Figures 5B, 5C, and S4).
Increased expression of the two subunits of calprotectin,r Inc.
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Figure 7. Resistance to Calprotectin-Mediated Zinc Sequestration
Provides a Growth Advantage to S. Typhimurium
Cecal samples were collected from mice 3–4 days after infection with either
S. Typhimurium ormock control. Competitive index was calculated by dividing
the output ratio (CFU of the wild-type /CFU of the mutant) by the input ratio
(CFU of the wild-type /CFU of the mutant). (A–C) show competitive indices of
S. Typhimurium strains in the colon contents ofmice (nR 6/group) at 4 days (A)
or 3 days (B) post infection. Strain and mouse genotypes are indicated. In (C),
competitive index in cecal content of mice treated with either normal rabbit
serum (NRS) or a rabbit polyclonal antibody blocking the Cxcr2 receptor
(a-Cxcr2) at 72 hr post infection is shown. Bars represent geometric mean ±
standard error. Significant differences are indicated by * (p value% 0.05) and **
(p value% 0.01). (See also Figure S5).
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Zinc and Salmonella Growth in the Inflamed GutS100a8 and S100a9, was not detectable by quantitative real-
time PCR, and little calprotectin and MPO expression was found
by western blot (Figure 6D). Importantly, in this mixed infection,
the invA spiBmutant and the invA spiB znuAmutant were recov-
ered at nearly equal ratios at both 72 hr and 96 hr post infection,
indicating that the znuA mutant is still capable of growing to
similar levels as wild-type in the intestinal lumen under nonin-
flammatory conditions (Figures 7A and 7B). Because neutrophils
are a major source of calprotectin, we infected mice treated withCell Hoan antibody against Cxcr2with amixture ofS. Typhimuriumwild-
type and the znuAmutant. As a control, mice were injected with
normal rabbit serum (NRS). In the NRS-treated mice, where cal-
protectin was expressed to similar levels as inwild-typemice, we
recovered 80-fold more S. Typhimurium wild-type than the znuA
mutant at 72 hr post infection (Figure 7C), which is comparable to
what we observed in wild-type (not NRS-treated) mice at the
same time point (Figure 7B). In contrast, the growth disadvan-
tage of the znuA mutant was reduced in mice treated with an
antibody against Cxcr2 (Figure 7C), which showed reduced cal-
protectin expression (Figure 2). These data indicate that only
during inflammation is zinc acquisition through the ZnuABC
transporter seen to provide a growth advantage.
Next, we investigated whether the growth benefit provided by
intestinal inflammation to S. Typhimurium wild-type was depen-
dent on the expression of calprotectin. To assess this, we em-
ployed S100a9/ mice, which lack the expression of both the
S100a8 and S100a9 subunits of calprotectin due to decreased
stability of S100a8 at the protein level in the absence of its
binding partner S100a9 (Manitz et al., 2003) (Figure 6).
The S100a9/ mice were infected with an equal mixture of
S. Typhimurium wild-type and the znuA mutant (Figures 5–7,
S4, and S5), resulting in similar levels of colonization, inflamma-
tory changes and MPO expression in tissue equivalent to
wild-type mice (Figures 5,6, and S5). Moreover, infection of
S100a9/ mice resulted in an increase in expression of the
proinflammatory markers Cxcl-1, Ly6g, Il-17, and Il-22 compa-
rable to that in wild-type mice (Figures 5B, 5C, and S4). Impor-
tantly, S. Typhimurium wild-type and the znuA mutant were
recovered at nearly equal ratios at 72 hr and 96 hr post infection
(Figures 7A and 7B). Taken together, these results indicate that
sequestration of zinc ions by calprotectin provides a growth
advantage to S. Typhimurium over an isogenic strain lacking
the ability to acquire zinc via the ZnuABC transporter.
Next, we tested whether we could rescue the znuA mutant by
administering zinc sulfate to mice infected with an equal mixture
of S. Typhimurium wild-type and the znuAmutant. Infected mice
receiving zinc sulfate via oral gavage through the course of the
infection displayed similar levels of inflammation as wild-type
mice (Figures 5 and S4). Furthermore, zinc supplementation
did not result in significant changes in the expression of the
proinflammatory genes Il-17, Il-22, or Ly6g, with the exception
of the basal expression of Cxcl-1 (Figures 5B, 5C, and S4).
Similar to what we observed in the single infection in Figure 4E,
zinc administration promoted a significant increase in overall
S. Typhimurium colonization at both 72 hr and 96 hr post infec-
tion (Figure S5). Importantly, administration of zinc sulfate signif-
icantly reduced the growth disadvantage of the znuA mutant at
96 hr post infection (Figure 7A). Combined with our results of
zinc supplementation in mice infected with the znuA mutant
alone (Figures 4D and 4E), it emerges that the administration of
zinc sulfate was able to rescue the znuA mutant in vivo only
when the wild-type was also present (Figure 7A). These results
suggest that wild-type may provide some cross-protection to
the mutant in the mixed infection, either directly or indirectly by
reducing the growth of competing microbes, and further under-
line the importance of an intact ZnuABC transporter during
S. Typhimurium infection. Overall, our findings indicate that
resistance to calprotectin, mediated by the capacity to acquirest & Microbe 11, 227–239, March 15, 2012 ª2012 Elsevier Inc. 235
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Zinc and Salmonella Growth in the Inflamed Gutzinc through the ZnuABC transporter, promotes S. Typhimurium
competition in the inflamed gut.
DISCUSSION
One strategy a host employs in response to bacterial infection is
to inhibit bacterial growth by limiting the availability of essential
metal ions, a process known as nutritional immunity (Kehl-Fie
and Skaar, 2010). However, with the exception of iron, the role
of metal sequestration in response to pathogens is not thor-
oughly understood; evidence for the importance of zinc acquisi-
tion at the host-pathogen interface comes largely from studies
on high affinity zinc transporters in bacteria. Furthermore, only
a few studies have investigated the contribution of zinc trans-
porters to bacterial pathogenesis.
The ZnuABC zinc transporter and the zinc uptake regulator Zur
were originally described in Escherichia coli as a system for
acquiring zinc under zinc-limiting conditions, subsequently
being identified in several species of Gram-negative bacteria
(Hantke, 2001). ZnuABC mutants are attenuated in mice that
develop a systemic disease when infected with pathogens
including Brucella abortus, Pasteurella multocida, and the
typhoidmodel of S. Typhimurium (Ammendola et al., 2007; Cam-
poy et al., 2002; Garrido et al., 2003; Kim et al., 2004). ZnuABC
has also been found to play an important role in the pathogenesis
of a variety of localized infections: In the rabbit model for chan-
croid, a Haemophilus ducreyi znuA mutant is less virulent and
is rapidly cleared from lesions (Lewis et al., 1999); In mice in-
fected with uropathogenic E. coli and Proteus mirabilis, while
the ZnuABC transporter is not required for colonization of the
bladder in single infections, it does provide an advantage in
competitive experiments (Nielubowicz et al., 2010; Sabri et al.,
2009); In chickens infected with Campylobacter jejuni, gastroin-
testinal colonization is dependent on a zinc transporter whose
periplasmic component is an ortholog of E. coli znuA (Davis
et al., 2009). However, despite experimental evidence indicating
that the ZnuABC zinc transporter may promote colonization by
several pathogens, little is known about the nutritional immune
responses that induce zinc starvation in vivo.
The antimicrobial protein calprotectin, whose activity is
dependent on zinc and manganese binding, is induced during
bacterial and fungal infections in response to the cytokines
IL-17 and IL-22 (Conti et al., 2009; Corbin et al., 2008; Kehl-Fie
et al., 2011; Liang et al., 2006; Urban et al., 2009; Zheng et al.,
2008). Our research shows that calprotectin is upregulated in
the intestine in response to acute infection with S. Typhimurium
(colitis model) and can be detected in the feces, consistent with
findings that calprotectin is present in the feces of patients with
intestinal inflammatory conditions, including inflammatory bowel
diseases and colon cancer (Johne et al., 1997; Konikoff andDen-
son, 2006). Remarkably, whereas with other pathogens calpro-
tectin-mediated zinc sequestration is necessary to suppress
microbial growth (Corbin et al., 2008; Kehl-Fie et al., 2011; Urban
et al., 2009), the growth of S. Typhimurium is actually enhanced
over competing microbes by calprotectin expression. Impor-
tantly, we found that the ZnuABC zinc transporter conferred a
significant advantage to S. Typhimurium in colonizing the gut
when calprotectin is highly expressed (i.e, when the gut is in-
flamed). Consistent with this, in the absence of an inflammatory236 Cell Host & Microbe 11, 227–239, March 15, 2012 ª2012 Elsevieresponse or in mice lacking calprotectin, the ZnuABC trans-
porter did not provide a colonization advantage. Therefore, our
results indicate that zinc acquisition via the ZnuABC transporter
facilitates S. Typhimurium growth in the inflamed gut by over-
coming calprotectin-mediated zinc starvation. Remarkably, our
work suggests that calprotectin enhances the competitive
advantage of a pathogen and provides a mechanistic link
between the ZnuABC transporter and a host zinc-limiting factor.
In conjunction with these insights, our study also underlines
the acquisition of the micronutrient zinc in the inflamed gut as
an important means of growth and competition between
microbes. It is becoming more and more apparent that, in order
to survive in a host, pathogens must contend with the resident
microbiota for nutrients, often acquiring and evolving specialized
systems to gain an advantage (Rohmer et al., 2011). In addition
to overcoming calprotectin-mediated zinc sequestration,
S. Typhimurium can also bypass lipocalin-2-mediated iron star-
vation in the inflamed gut by employing modified siderophores
(Raffatellu et al., 2009). Together, these findings indicate that
resistance to metal withholding responses may represent
a common theme for pathogens to compete with the intestinal
microbiota when colonizing the inflamed gut mucosa. Moreover,
some species of commensal microbes in the gut may utilize
metal transporters to grow under metal-limiting conditions.
Future analyses of the distribution and function of metal trans-
porters may provide useful insight into the life of microbial
communities in the inflamed gut environment.
As the inflammatory host response is also essential for control-
ling the dissemination of S. Typhimurium, therapeutic interven-
tions to limit intestinal inflammation and thus reduce the growth
and transmission of this pathogen are not feasible. However,
targeting a variety of bacterial metal acquisition systems
may represent a promising strategy to limit infections with
S. Typhimurium and other pathogens.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Conditions
IR715 is a fully virulent, nalidixic acid-resistant derivative of S. Typhimurium
wild-type isolate ATCC 14028. Construction of IR715 derivatives carrying
mutations in znuA, invA, or spiB is described in the Supplemental Experimental
Procedures. A complete list of strains, plasmids, and primers used for cloning
and strain construction is provided in Supplemental Experimental Procedures.
All strains were grown aerobically at 37C in Luria-Bertani (LB) broth unless
otherwise noted.
Growth in Media Supplemented with Calprotectin
Recombinant calprotectin was produced as described elsewhere (Hunter and
Chazin, 1998). Growth in media supplemented with calprotectin was per-
formed as described by Kehl-Fie et al. (2011) with minor modifications
(details in the Supplemental Experimental Procedures). Wild-type and
znuA S. Typhimurium were grown overnight in M9 minimal media at 37C
with agitation. 1 3 105 cells/ml were used to inoculate the wells containing
LB+calprotectin at the indicated concentrations. OD600 were taken at the
indicated times and graphed on a semilogarithmic scale.
Mouse Experiments
Both C57BL/6 wild-type mice and S100A9/ mice were used. The construc-
tion of S100A9/mice is described in the Supplemental Experimental Proce-
dures. Mice were infected as previously described (Raffatellu et al., 2009). All
animal experiments were reviewed and approved by the Institutional Animal
Care and Use Committee at the University of California, Irvine.r Inc.
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Zinc and Salmonella Growth in the Inflamed GutIsolation of Colon Crypts
Streptomycin-treated C57BL/6 mice were infected with S. Typhimurium or
mock and sacrificed at 72 hr post infection. Crypt isolation from colon and
cecum was performed as described (Whitehead et al., 1993).
CXCR2 Antibody Blocking of Neutrophils
A murine-specific Cxcr2 blocking antibody was raised in rabbits following
immunization with a 17-amino-acid peptide corresponding to the amino
terminus of Cxcr2 (Mehrad et al., 1999). Mice were treated with a-Cxcr2 or
normal rabbit serum 24 hr prior to infection via intraperitoneal (i.p.) injection
as previously described (Walsh et al., 2007).
Extracellular Staining and Flow Cytometry Analysis
Blood neutrophils were detected with phycoerythrin (PE)-conjugated Ly6G
(clone RB6-8C5, eBioscience) and PE-Cy7-conjugated CD11b (eBioscience)
monoclonal antibodies as described previously (Hosking et al., 2009). Data
were acquired on a FACSCalibur (BD Biosciences, San Jose, CA) and
analyzed with FlowJo software (TreeStar, Ashland, OR). Leucocytes were
gated using forward (FSC) and side scatter (SSC) criteria of cells followed by
identification of Ly6Ghigh CD11b+ neutrophils.
Measurement of Zinc in Fecal Samples
The amount of zinc in mouse fecal samples was detected by ICP-MS as
described previously (Corbin et al., 2008) and detailed in Supplemental Exper-
imental Procedures.
Analysis of the Microbiota
Composition of the bacterial microbiota was analyzed as described earlier
(Barman et al., 2008; Winter et al., 2010). Briefly, the DNA from the colon
content was extracted using the QIAamp DNA stool kit (QIAGEN) and used
as a template for the q-PCR reaction with the primers described in the Supple-
mental Experimental Procedures. Gene copy numbers per ml for each sample
was determined using the plasmids in the Supplemental Experimental
Procedures.
Western Blot
Total protein was extracted from mouse cecum using Tri-Reagent (Molecular
Research Center), resolved by SDS-PAGE and transferred to a PVDF
membrane. Detection of mouse tubulin was performed with a primary rabbit
polyclonal antibody (Cell Signaling Technology), while detection of calprotec-
tin was performed with a polyclonal goat anti-mouse S100a8 and a polyclonal
goat anti-mouse S100a9 (R&D Systems). Myeloperoxidase was detected
using a primary polyclonal goat anti-human and mouse antibody (R&D
Systems). As secondary antibody, a goat anti-rabbit or rabbit anti-goat conju-
gate to horseradish peroxidase (HRP) (Jackson) was used.
Detection of Intestinal and Fecal Calprotectin Using ELISA
Cecum and colon tissue were placed in 3 ml sterile PBS and homogenized.
Extraction buffer adopted from Hycult Biotech’s H305 Human Calprotectin
ELISA kit was added to fecal samples. The fecal samples were incubated on
ice for 30 min and were homogenized at 4C. Samples were then spun
down, and the supernatant was used for western blot and ELISA analyses.
Murine S100a8/S100a9 was determined by an inhouse established ELISA as
described (Vogl et al., 2007). Recombinant prepared murine S100a8/S100a9
heterodimer was used as standard in the calibration curve. Data were normal-
ized taking into account the weight of the collected fecal samples and tissues
and assuming a density of 1g/ml.
Quantitative Real-Time PCR
Total RNA was extracted from mouse cecal tissue using Tri-Reagent (Molec-
ular Research Center). Reverse transcription of 1 mg of total RNA was per-
formed using the Transcriptor First Strand cDNA Synthesis kit (Roche).
Quantitative real-time PCR (qRT-PCR) for the expression of b-actin, Il-17,
Il-22, S100a8, S100a9, Cxcl-1, and Ly6g was performed with the primers
provided in Supplemental Experimental Procedures.Cell HoHistopathology
Tissue samples were fixed in formalin, processed according to standard
procedures for paraffin embedding, sectioned at 5 mm, and stained with hema-
toxylin and eosin. The pathology score of cecal samples was determined by
blinded examinations of cecal sections from a board-certified pathologist
using previously published methods (Barthel et al., 2003; Raffatellu et al.,
2009). Each section was evaluated for the presence of neutrophils, mononu-
clear infiltrate, submucosal edema, surface erosions, inflammatory exudates,
and cryptitis. Inflammatory changes were scored from 0 to 4 according to the
following scale: 0 = none; 1 = low; 2 = moderate; 3 = high; 4 = extreme. The
inflammation score was calculated by adding up all the scores obtained for
each parameter and interpreted as follows: 0–2 = within normal limit; 3–5 =
mild; 6–8 = moderate; 8+ = severe.
Statistical Analysis
Differences between treatment groups were analyzed by ANOVA followed by
Student’s t test. A p value equal or below 0.05 was considered statistically
significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, Supplemental Experimental
Procedures, three tables, and Supplemental References and can be found
with this article online at doi:10.1016/j.chom.2012.01.017.
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